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Abstract: Large-scale brain networks play a prominent role in cognitive abilities and their activity is
impaired in psychiatric disorders, such as schizophrenia. Patients with 22q11.2 deletion syndrome
(22q11DS) are at high risk of developing schizophrenia and present similar cognitive impairments,
including executive functions deficits. Thus, 22q11DS represents a model for the study of neural bio-
markers associated with schizophrenia. In this study, we investigated structural and functional connectiv-
ity within and between the Default Mode (DMN), the Central Executive (CEN), and the Saliency network
(SN) in 22q11DS using resting-state fMRI and DTI. Furthermore, we investigated if triple network impair-
ments were related to executive dysfunctions or the presence of psychotic symptoms. Sixty-three patients
with 22q11DS and sixty-eighty controls (age 6-33 years) were included in the study. Structural connectivi-
ty between main nodes of DMN, CEN, and SN was computed using probabilistic tractography. Function-
al connectivity was computed as the partial correlation between the time courses extracted from each
node. Structural and functional connectivity measures were then correlated to executive functions and
psychotic symptom scores. Our results showed mainly reduced structural connectivity within the CEN,
DMN, and SN, in patients with 22q11DS compared with controls as well as reduced between-network
connectivity. Functional connectivity appeared to be more preserved, with impairments being evident
only within the DMN. Structural connectivity impairments were also related to executive dysfunctions.
These findings show an association between triple network structural alterations and executive deficits in
patients with the microdeletion, suggesting that 22q11DS and schizophrenia share common psychopatho-
logical mechanisms. Hum Brain Mapp 38:2177-2189,2017.  ©2017 Wiley Periodicals, Inc.
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INTRODUCTION

Cognitive impairments are an important feature of 22q11.2
deletion syndrome (22q11DS), a genetic disease caused by a
microdeletion on the long arm of chromosome 22. In particu-
lar, borderline IQ levels, altered visuo-spatial processing and
impaired social cognition are part of the 22q11DS cognitive
phenotype [Antshel et al., 2008; Campbell et al., 2015; Niklas-
son and Gillberg, 2010]. Executive dysfunctions have also
been reported in patients with 22q11DS [Azuma et al., 2009;
Campbell et al., 2010; Chow et al., 2006; Lewandowski et al.,
2007; Maeder et al., 2016; McCabe et al., 2014; Shapiro et al.,
2013, 2014]. Specifically, impaired inhibition [McCabe et al.,
2014; Shapiro et al., 2013] and working memory [Azuma
et al., 2009] have been shown in these patients. Moreover, a
previous longitudinal study conducted by our group
reported altered trajectories of executive functions develop-
ment in patients with 22q11DS from childhood to early
adulthood [Maeder et al., 2016].

Together with the cognitive impairments, the early man-
ifestation of attenuated psychotic symptoms is another
characteristic of patients with 22q11DS [Gothelf et al.,
2013; Schneider et al., 2014a]. In particular, 50% of the ado-
lescents with the syndrome manifest positive psychotic
symptoms [Baker and Skuse, 2005; Debbané et al., 2006;
Schneider et al., 2014b], while the prevalence of negative
symptoms is even higher [Schneider et al.,, 2012, 2014c;
Stoddard et al.,, 2010]. Furthermore, about 30%—40% of
patients with 22q11DS develop schizophrenia [Murphy
et al.,, 1999; Schneider et al., 2014a], thus making this syn-
drome a neurogenetic model of the disease [Bassett and
Chow, 1999].

Little is known about the neural correlates of altered
executive functions and psychotic symptoms in patients
with 22q11DS. However, few studies showed white matter
impairments [Radoeva et al., 2012] or aberrant functional
activation [Gothelf et al., 2007a; Montojo et al., 2014] asso-
ciated with executive dysfunctions in patients with the
syndrome. On the opposite, in a recent study investigating
functional connectivity within resting-state networks [Mat-
tiaccio et al.,, 2016], the authors found no association
between altered connectivity and executive functions mea-
sures. A number of studies (reviewed in [Scariati et al.,
2016b]) further reported an association between impair-
ments in long-range connections and psychotic symptoms
in 22q11DS. Nevertheless, it is not yet clear how brain net-
works integrity is related to executive dysfunctions and
psychotic symptoms in patients with 22q11DS.

The triple network model of psychopathology proposed
by Menon in 2011 [Menon, 2011] represents a useful

framework for understanding the relationship between
brain networks activation, cognition and psychotic pheno-
type. This model proposes that three brain networks are
specifically related to cognitive abilities (including execu-
tive functions) and to the manifestation of psychotic symp-
toms in the general population [Menon, 2011]. These core
cognitive networks are: the default mode network (DMN,
[Buckner et al., 2008; Fox et al., 2005; Greicius et al., 2003;
Greicius and Menon, 2004; Raichle et al., 2001]), the central
executive network (CEN, [Corbetta and Shulman, 2002;
Seeley et al., 2007]) and the saliency network (SN, [Pala-
niyappan, 2012; Singer et al., 2009]).

These three networks have a complementary and coordi-
nated activity [Fox et al.,, 2005, Menon, 2011]. The DMN
and the CEN have an antagonist function, and thus appear
to be anti-correlated. The DMN is mostly active when the
attention is oriented to inner processes, while the activity
is switched in favor of the CEN during external-directed
attention. In this context, the SN, and in particular the
insular cortex, seems to play a prominent role in switching
between DMN and CEN activity ([Menon and Uddin,
2010; Sridharan et al., 2008]. It has been proposed that
impairments in the coordinated activity and interaction
between DMN, CEN and SN is common of several psychi-
atric disorders, such as autism, depression and schizophre-
nia and is responsible for cognitive impairments and
psychotic symptoms [Menon, 2011].

Impairments within the DMN, CEN, and SN have also
been showed in patients with 22q11DS. For instance, a pre-
vious study by our group [Debbané et al., 2012] showed
impaired DMN activation in a sample of adolescents. This
finding was further confirmed by a multimodal investiga-
tion [Padula et al.,, 2015] showing reduced structural and
functional connectivity between medial DMN nodes.
Moreover, Mattiaccio et al. [2016] further showed reduced
activation of the CEN and the SN. However, no study to
date directly investigated connectivity between the three
networks in patients with 22q11DS. Nevertheless, in a
recent study from our group [Scariati et al., 2016a], we
reported altered connectivity of the ACC with the DMN
and the DLPFC, as well as impaired maturation of the
DLPFC connectivity with age. Furthermore, two studies
using resting-state electroencephalography (EEG) sug-
gested that the shifting between CEN and SN activation is
impaired in 22q11DS [Tomescu et al., 2014, 2015]. These
authors also found that increased activation of the SN was
related to the presence of hallucinations in patients with
22q11DS, thus pointing to similar psychopathological
mechanisms in 22q11DS and schizophrenia. However, no
study to date investigated triple network connectivity in
patients with 22q11DS using MRL
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TABLE I. Demographic information

Controls 22q11DS P value
No. of subjects (females) 68 (34) 63 (35) 0.53
Mean age (range) 16.7 £ 6 y.o. 17.5*5.6 y.o. 0.46
(6.3-30) (8.1-33.8)
Right handed (%)* 79.4% 79.4% 0.8
Mean 1Q" 110 +15.6 68.5+115 <0.001
No. of subjects meeting criteria for psychiatric diagnosis N/A 40 (63%)
Anxiety disorder N/A 10
Attention deficit hyperactivity disorder N/A 4
Mood disorder N/A 4
Schizophrenia N/A 3
More than one psychiatric disorder N/A 19
No. of subjects medicated 0 20 (32%)
Methylphenidate 0 9
Antidepressants 0 2
Antipsychotics 0 3
Anticonvulsants 0 1
More than one class of medication 0 5

“Handedness was measured using the Edinburgh laterality quotient.

PIQ was measured using the Wechsler Intelligence Scale for Children-III or the Wechsler Adult Intelligence Scale-IIl for adults

[Wechsler, 1997].

The present study has two main aims: (1) to investigate
if triple network impairments are present in patients with
22q11DS, as reported in patients with schizophrenia; (2) to
assess if triple network impairments are responsible for
the impaired executive functions and the presence of psy-
chotic symptoms in this specific population. To address
these aims, specific nodes were selected for each network
in order to measure connectivity between nodes belonging
to the same network (within-network connectivity), as well
as between nodes belonging to different networks
(between-network connectivity). Furthermore, in line with
the assumption that functional connectivity impairments
would be accompanied by alterations in underlying white
matter tracts [Rykhlevskaia et al., 2008], a multimodal
design was chosen. Functional connectivity (using resting-
state fMRI) and structural connectivity (using DTI) were
hence examined simultaneously in the same group of
participants.

Based on the previous findings in patients with
22q11DS, we expected to observe within- and between-
network connectivity impairments. We also hypothesized
that impaired functional connectivity would be accompa-
nied by a concomitant alteration of the underlying white
matter connections. Finally, we speculated that triple net-
work impairments would be responsible for executive dys-
functions and psychotic symptoms in 22q11DS.

MATERIALS AND METHODS
Participants

Participants were recruited through announcement in
regional parents’ associations in the context of a

longitudinal study on 22q11DS conducted in Geneva
[Maeder et al., 2016; Schaer et al., 2009; Schneider et al.,
2014b]. From the 212 available subjects (90 controls and
122 patients), 81 were excluded (22 controls and 59
patients) because of bad quality MRI data (see Supporting
Information File 1 for further information). The final group
of patients with 22q11DS comprised 63 subjects aged
between 8 and 33 years old. Demographic details are pre-
sented in Table I. The presence of psychiatric disorders
was assessed with the Diagnostic Interview for Children
and Adolescents Revised (DICA-R, [Reich, 2000]), the psy-
chosis supplement from the Kiddie-Schedule for Affective
Disorders and Schizophrenia Present and Lifetime version
(K-SADS-PL, [Kaufman et al., 1997]) and the Structured
Clinical Interview for DSM-IV Axis I Disorders (SCID-I,
[First et al., 1996]). Information about psychiatric diagnosis
and medication is reported in Table I.

The control group included 68 participants aged
between 6 and 30 years old (Table I) recruited among
healthy siblings of the patients (N =37, 54%) and from the
Geneva state school system (N =231, 46%). None of the
healthy participants had a past or present history of neu-
rological or psychiatric disorders. Written informed con-
sent was received from all participants or their parents
under protocols approved by a local ethical review board.

Different executive functions domains (working memo-
ry, inhibition, and verbal fluency) were evaluated as
described in our previous work [Maeder et al., 2016].
Briefly, we used the Wechsler Digit Span subtest to assess
working memory, the Continuous Performance Test (CPT,
[Conners and Staff, 2000]) for motor inhibition, the Stroop
task [Stroop, 1935] for cognitive inhibition and the seman-
tic verbal fluency test, animal category for verbal fluency.
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TABLE Il. FMRI data motion parameters

Controls 22q11DS P value
Mean translation X 0.1343 +0.14 0.1156 = 0.12 0.42
y 0.2036 £0.2 0.1603 £0.19 0.22
z 0.2692 £ 0.26 0.354 £0.27 0.07
Mean rotation x (pitch) 0.006 = 0.0043 0.0074 = 0.0056 0.1
y (roll) 0.0036 £ 0.0032 0.0033 £ 0.0022 0.54
z (yaw) 0.0026 +0.0025 0.0037 £ 0.0043 0.078
Mean framewise displacement 0.0915 £0.04 0.136 = 0.76 <0.001

In particular, the following scores for each test were used:
digit span raw scores, commission errors, omission errors,
and reaction time of the CPT, the interference index of the
Stroop and the number of words produced in the verbal
fluency test.

The presence of positive and negative psychotic symp-
toms in patients older than 12 years old was further
assessed using the Structured Interview for Prodromal
Syndromes (SIPS, [Miller et al., 2002]). Specifically, five
positive subscales (unusual thoughts/delusional ideas,
suspiciousness/persecutory ideas, grandiose ideas, halluci-
nations, disorganized communication) and six negative
subscales (social anhedonia, avolition, expression of emo-
tion, experience of emotion and self, ideational richness,
occupational functioning) were used.

Images Acquisition

T1-weighted, diffusion-weighted and resting-state fMRI
images were acquired using a Siemens Prisma (N = 111) or a
Siemens Trio (N = 20) 3 Tesla MRI machine at the Center for
Biomedical Imaging (CIBM) in Geneva. The T1-weighted
sequence was acquired with a 3D volumetric pulse and the
following parameters: TR=2500 ms, TE=3 ms, flip
angle =8°, acquisition matrix =256 X 256, field of
view = 23.5 cm, slice thickness = 3.2 mm, 192 slices. Parame-
ters for the DTI images were the following: number of
directions = 30, b = 1,000 s/mm?, TR = 8300 ms, TE = 84 ms,
flip angle =90°, acquisition matrix =128 X 128, field of
view =25.6 cm, 64 axial slices, slice thickness=2 mm.
Resting-state fMRI scans were acquired over 8 minutes ask-
ing the participants to fix a cross on the screen and to let their
thoughts go. The sequence consisted of 200 blood-
oxygenation-level-dependent (BOLD) images with TR = 2,400
ms, TE =30 ms, 38 axial slices, slice thickness = 3.2 mm, flip
angle = 85°, acquisition matrix =94 X 128, field of view =96
X 128.

Definition of Networks’ Nodes

In order to investigate connectivity between nodes
belonging to each network, regions of interest (ROIs) were
selected from a resting-state networks atlas (http://fin-
dlab.stanford.edu/functional_ROIs.html). For the DMN,

six masks were selected, corresponding to the ventromedi-
al prefrontal cortex (anterior DMN), the posterior cingulate
cortex/precuneus (posterior DMN), the bilateral medial
temporal cortex (MTL) and the bilateral angular gyrus. For
the CEN we selected four masks corresponding to the
bilateral dorso-lateral prefrontal cortex (DLPF) and the
bilateral parietal cortex. For the SN, we selected masks
corresponding to the dorsal anterior cingulate cortex (dor-
sal ACC) and the bilateral insular cortex. These masks
were warped in the participants’ native space using nor-
malization parameters estimated with Diffeomorphic Ana-
tomical Registration using Exponentiated Lie Algebra
(DARTEL [Ashburner, 2007]) and used as seeds in the
structural connectivity analysis. For the functional connec-
tivity analysis, 6-mm spheres were constructed starting
from the center of each mask and warped in the partici-
pants’ space. One control participant and three patients
with 22q11DS were excluded from the functional connec-
tivity analysis because of normalization errors.

Resting-State fMRI Analysis

Functional scans were preprocessed using the DPARSF
toolbox (http:/ /rfmri.org/DPARSF). Preprocessing of the
functional images included: removal of the first five vol-
umes and realignment to the mean image. T1-weighted
images were segmented and co-registered to the mean
functional image. Images were then spatially smoothed
using an isotropic Gaussian smoothing kernel with a full
width at half maximum (FWHM) of 4 mm. The signal was
then linearly detrended and white matter and cerebro-
spinal fluid signals were regressed out. The Friston 24-
parameter model was used to correct for motion artifacts.
Finally, the signal was bandpass-filtered (0.01-0.1 Hz).
Mean translational and rotational movement as well as the
mean framewise displacement for control and 22q11DS
participants are reported in Table II. The six motion
parameters did not significantly differ between controls
and patients with 22q11DS, nonetheless the mean framew-
ise displacement was significantly higher in the group of
patients.

Regions of interest for the functional connectivity analy-
sis were extracted as described in paragraph “Definition of
Networks” Nodes.” Functional connectivity was computed
using partial correlation between the time courses
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TABLE Ill. DTI data motion parameters

Controls 22q11DS P value
Translation (mm) 0.867 =0.2341 0.882 = 0.32 0.76
Rotation (degrees) 0.0067 =0.002  0.007 = 0.004 0.32
Slice with drop-out (%) 0.16% 2.0% 0.057
Drop out score 1.002+0.018  1.015*0.07 0.16

extracted from each pairs of nodes. R scores where then
transformed to Z scores using Fisher’s transformation and
statistical analysis was conducted using ANCOVA with
age and gender as covariates. Given the low number of
connections in the within-network analysis a Bonferroni
correction for multiple comparisons was used. False dis-
covery rate (FDR) was instead used to correct for multiple
comparisons in the between-network analysis.

DTI Analysis

Analysis of intra- and inter-network structural connec-
tivity was performed using the FSL Diffusion Toolbox
(http:/ /fsl.fmrib.ox.ac.uk/fsl/fslwiki/). Preprocessing
included: skull and non-brain tissue stripping using the
Brain Extraction Tool (BET, [Smith, 2002]), motion and
eddy currents distortion correction, registration of the T1-
weighted images on the set of diffusion images with the
FMRIB’s Linear Image Registration Tool (FLIRT, [Jenkin-
son et al., 2002; Jenkinson and Smith, 2001]). DTI motion
parameters were extracted using the software TRACULA
(https:/ /surfer.nmr.mgh.harvard.edu/fswiki/Tracula,
[Yendiki et al., 2014]) and are reported in Table III. No sig-
nificant difference in mean motion scores was observed
between the two groups. However, four additional
patients were excluded from the DTI analysis because they
had excessive motion values compared with the remaining
participants (>2 standard deviations above the mean of
the group).

Structural connectivity analysis was conducted with the
Probtrackx probabilistic tractography software from FSL
[Behrens et al., 2007], starting from the seed masks
described in paragraph “Definition of Networks” Nodes.”
The output was a connectivity matrix reporting, for each
pair of regions, the number of streamlines generated from
region i to region j and from region j to region i. We then
computed an average connectivity matrix containing the
mean number of streamlines connecting each pair of
nodes. Connections (N =13) that were not present in all
the subjects and with an average of less than 50 recon-
structed streamlines were not considered for further analy-
sis (see Supporting Information File 1). Each connection
was then normalized by the total number of connections
in the connectivity matrix. Given the non-normal distribu-
tion of the structural connectivity data, statistical analysis
was conducted using the Wilcoxon rank sum test (or Man-
n-Whitney U-test) covarying for age and gender. As for

the functional connectivity analysis, correction for multiple
comparisons was performed using Bonferroni correction
for the within network connectivity, and FDR for the
between network connectivity.

Correlation Between Connectivity Measures,
Executive Functions, and Psychotic Symptoms

In line with the second aim of this study, we investigat-
ed if impairments in the within- or between-networks con-
nectivity were related to cognitive dysfunctions and/or
psychotic symptoms in 22q11DS. To do so, we computed
Spearmann correlations coefficient between the connec-
tions that were significantly different between the two
groups and both the clinical and cognitive scores men-
tioned in section “Participants.” Age and gender were
used as nuisance covariates in the correlation analysis.

RESULTS
Functional Connectivity

Functional connectivity was significantly reduced in
patients with 22q11DS between the anterior and posterior
node of the DMN (P uncorrected < 0.001, Bonferroni threshold
0.003). There were no other significant differences in func-
tional connectivity between patients with 22q11DS and
controls.

Structural Connectivity
Intra-network connectivity

DMN structural connectivity was significantly reduced
in patients with 22q11DS between the left angular gyrus
and the left MTL, while it was significantly increased
between the posterior node of the DMN and the right
MTL (Fig. 1A, Table IV). However, it should be noted that
this increase is relative, as the number of connections is
normalized by the overall sum of connections in the con-
nectivity matrix.

Structural connectivity within the CEN was also reduced
in patients with 22q11DS, in the bilateral connections
between frontal and parietal nodes (Fig. 1B, Table IV).

Similarly, SN structural connectivity was significantly
reduced between the anterior node and the bilateral insu-
lar cortex in patients with 22q11DS (Fig. 1C, Table IV).

Inter-network connectivity

After correction for multiple comparisons, between-
networks structural connectivity was significantly reduced
in patients with 22q11DS between CEN and SN (CEN
right parietal-SN cingulate, CEN left parietal-SN left
insula), between the CEN and the DMN (CEN Ileft
parietal-DMN anterior, CEN left frontal-DMN left angular,
CEN left parietal-DMN left MTL, CEN right frontal-DMN
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Figure 1.
Group differences in within-network structural connectivity. The
figure shows the connections within DMN (A), CEN (B), and
SN (C) that significantly differed between patients and controls.
[Color figure can be viewed at wileyonlinelibrary.com]

posterior, CED right frontal-DMN posterior), and between
the DMN and the SN (Anterior SN and bilateral DMN
angular gyrus) (Fig. 2 and Table IV). Only one connection
between the CEN and the SN was significantly increased
in the group of patients after multiple comparison correc-
tion, while no connections were significantly increased
between DMN-CEN and DMN-SN. Our findings suggest

widespread and complex patterns of white matter dyscon-
nectivity between the three networks in patients with
22q11DS. It should also be noted that two main nodes
were specifically dysconnected, as they presented reduced
or increased connectivity with several other nodes: the left
parietal node of the CEN and the anterior node of the SN.

Correlation Between Connectivity, Executive
Functions, and Psychotic Symptoms Scores

For the connections that were significantly different after
multiple comparisons correction, we computed the Spear-
mann correlations with executive functions and the psy-
chotic symptoms scores.

Only structural connectivity showed significant associa-
tions with cognitive scores. As shown in Figure 3A-F, six
connections were significantly correlated to the CPT
scores. In particular, we observed a positive correlation
between reduced structural connectivity and the number
of commission errors during the CPT in two connections
(CEN left frontal-CEN left parietal, CEN left frontal-DMN
left angular), and a negative correlation between reduced
structural connectivity and reaction time during the CPT
in the same two connections as well as in the connections
between CEN right parietal-CEN right frontal, CEN left
parietal-DMN left MTL, DMN left MTL-DMN left angular.

Furthermore, reduced structural connectivity in two net-
works (SN anterior-CEN right parietal and DMN anteri-
or—CEN left parietal) was related to reduced interference
index of the Stroop task, which is an indicator of inhibition
difficulties (Fig. 3G, H).

No significant correlation was observed between connec-
tivity measures and either positive or negative symptoms
scores in the group of patients with 22q11DS.

DISCUSSION

In this work, we showed impaired structural connectivi-
ty within the DMN, CEN, and SN in patients with
22q11DS, as well as impaired connections between the
three networks. The structural impairment was further
related to specific aspects of executive functions, namely
impaired motor and cognitive inhibition. At the functional
level, we found that long-range connections within the
DMN were impaired in patients with 22q11DS, while con-
nectivity within the other networks was preserved. In the
following paragraphs, we will discuss the findings of func-
tional and structural connectivity within each network in
the context of the existing literature in 22q11DS. We will
further discuss our novel findings regarding between-
networks connectivity and the dissociation between struc-
tural and functional connectivity alterations. We will next
discuss how impaired structural connectivity within and
between the three networks is related to impaired execu-
tive functions in patients with 22q11DS. Lastly, we will
discuss the findings in 22q11DS in the context of the triple

¢ 2182 ¢


http://wileyonlinelibrary.com

¢ Triple Network Connectivity in 22q11DS ¢

TABLE IV. Structural connections significantly different between controls and patients with 22ql DS

Structural connectivity

Intra-network connectivity

Direction P uncorrected Bonferroni threshold
CEN left frontal-CEN left parietal controls>22q11DS <0.001 0.008
CEN right frontal-CEN right parietal controls>22q11DS <0.001 0.008
DMN left angular—-DMN left MTL controls>22q11DS 0.001 0.003
DMN posterior-DMN right MTL 22q11DS>controls <0.001 0.003
SN anterior-SN left insula controls>22q11DS <0.001 0.02
SN anterior-SN right insula controls>22q11DS 0.02 0.02
Inter-networks connectivity

Direction P uncorrected P corrected
DMN anterior-CEN left parietal controls>22q11DS <0.001 <0.001
DMN left angular—CEN left frontal controls>22q11DS 0.002 0.01
DMN left MTL-CEN left parietal controls>22q11DS 0.003 0.01
DMN posterior—CEN right frontal controls>22q11DS <0.001 0.005
DMN right angular-CEN right frontal controls>22q11DS <0.001 <0.001
SN anterior-CEN left parietal 22q11DS>controls <0.001 <0.001
SN anterior—CEN right parietal controls>22q11DS <0.001 <0.001
SN anterior-DMN left angular controls>22q11DS <0.001 0.002
SN left insula—CEN left parietal controls>22q11DS <0.001 <0.001
SN anterior-DMN right angular controls>22q11DS 0.006 0.02

' Structural connectivity

== Increased connectivity in 22q11DS
= Reduced connectivity in 22q11DS

Saliency SN right insula /Guhnm‘ .
network (SN) { i- -
SN left insula \ y N
an I [ o ) centetparietal
T Central executive 1‘
\ ‘network (CEN)
CEN right frontal ",‘
\ |
Anterior DMN \ N
) \ ‘
)( DMN leftangular CEN right parietal
A +74 DMN right angular

Default mode
network (DMN)

Figure 2.
Between network structural connectivity. The figure indicates the structural connections that sig-
nificantly differed between patients and controls after multiple comparisons correction. [Color
figure can be viewed at wileyonlinelibrary.com]
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Correlation between structural connectivity and cognitive scores
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Correlation between structural connectivity and cognitive scores. The figures in the left column
show the within- or between-network connections that significantly correlated with the execu-
tive functions scores in the group of patients with 22ql IDS. The plots show the Spearmann cor-
relation between the structural connectivity measures and the specific scores. [Color figure can
be viewed at wileyonlinelibrary.com]
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network model of psychopathology, with a specific focus
on the common impairments in patients with 22q11DS
and schizophrenia.

Impaired within- and between-network connectivity
in patients with 22ql IDS

Impairments in the within-network and between-
networks connectivity in patients with 22q11DS mostly
involved a reduction of structural connections, while func-
tional connectivity seemed to be preserved.

Our results reporting reduced functional connectivity
between the anterior and posterior node of the DMN are
in line with previous studies [Padula et al., 2015; Schreiner
et al., 2014] and confirm the presence of impaired long-
range connections between medial DMN regions. We fur-
ther showed significantly increased structural connectivity
between the posterior DMN node and the right MTL.
Together, these findings suggest that patients with
22q11DS have a different pattern of within DMN connec-
tivity compared with controls, with some connections
being reduced and other increased.

We observed no difference in functional connectivity
within the CEN and the SN. This result is in contrast with
recent findings in 22q11DS [Mattiaccio et al., 2016], but is
in line with previous results from our group [Debbané
et al., 2012]. This discrepancy in the results may be due to
the use of different acquisition, processing and analysis
techniques as well as to different sample characteristics.
For instance, we computed the correlation between func-
tional time courses extracted from specific CEN and SN
nodes. Contrarily, Mattiaccio et al. [2016] compared the
activation of spatial CEN and SN maps obtained from
ICA. Furthermore, in this study we included patients from
8 to 33 years old, while Mattiaccio et al. [2016] mostly
included adolescents and young adults (17-26 years old).
Given the presence of impaired developmental trajectories
in patients with 22q11DS [Gothelf et al., 2007b; Schaer
et al., 2009], it is possible that adult patients present a
greater pattern of connectivity impairment compared with
children.

Despite the absence of functional connectivity impair-
ments, we showed a significant reduction in structural
connections within the CEN and the SN. Structural con-
nectivity impairments have been largely described in
22q11DS (reviewed in [Scariati et al., 2016b]). In particular,
most studies point to alterations in long range-tracts
including the inferior longitudinal fasciculus (ILF), the
inferior fronto-occipital fasciculus and the uncinate fascicu-
lus [Scariati et al., 2016b], which connect the frontal lobe to
parietal and/or temporal cortices. According to the previ-
ous findings, our results show reduced connections
between the DLPFC and the posterior parietal cortex of
the CEN as well as reduced connections between the dor-
sal ACC and the bilateral insular cortex of the SN, con-
firming the presence of reduced integrity of long-range
connections in patients with 22q11DS.

For the between-network connectivity, widespread alter-
ations in structural connections were evident in patients
with 22q11DS compared with controls, again confirming
the impairment in long-range white matter tracts observed
in this population [Scariati et al., 2016b]. However, no sig-
nificant functional impairments were evident after correc-
tion for multiple comparisons.

Despite the finding of preserved resting-state functional
connectivity between DMN, CEN, and SN in 22q11DS, the
impaired shifting between networks’ activation may
become evident during the transition from resting-state to
goal-directed conditions. Indeed, studies investigating the
switching between resting-state to goal-directed activities
in patients with schizophrenia showed abnormal patterns
of activation/de-activation of DMN and CEN, which was
associated with decreased behavioral performance [Hasen-
kamp et al., 2011; Pomarol-Clotet et al., 2008].

Another possible explanation for the observed dissocia-
tion between structural and functional connectivity is that
functional connectivity compensates the reduced integrity
of structural connections [Fornito et al., 2015; Honey et al.,
2009], at least during the early stages of the disease.
Indeed, while preserved functional connectivity was evi-
dent in the present study, which mostly included patients
with 22q11DS at-risk but not diagnosed with schizophre-
nia, this is not the case in schizophrenic patients [Chang
et al.,, 2014; Iwabuchi et al., 2015; Lefebvre et al., 2016;
Manoliu et al., 2014; Moran et al., 2013; Orliac et al., 2013;
Palaniyappan et al.,, 2013]. This may suggest that the
structure-function relationship may change at different
stages of the disease, and that functional connectivity
impairments would correspond to later, more severe
stages.

Relationship between altered triple network connec-
tivity and executive functions in patients with
22ql IDS

Within- and between-networks alterations were related
to altered motor and cognitive inhibition in patients with
22q11DS. Reduced connectivity within the CEN and
between CEN-SN and CEN-DMN was related to increased
reaction time in the CPT task and/or to reduced commis-
sion errors (Fig. 3A-F). These results are in line with pre-
vious studies that reported impaired reaction time in
patients with 22q11DS during different cognitive tasks
[Franchini et al., 2016; Howley et al., 2012]. In this study,
we further observed that the slower performance of
patients with 22q11DS on the CPT task was related to
impaired within and between CEN connectivity. However,
the same impairment in the CEN structural connectivity
was associated to reduced number of commission errors.
The number of commission errors and the reaction time
were negatively correlated in our group of patients with
22q11DS (P =0.02, RHO = —0.32), indicating that higher
reaction time was related to fewer commission errors. The
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combination of fast responses with increased errors is an
index of impulsivity [Conners and Staff, 2000]. On the
opposite, our results suggest that the lower connectivity
within and between the CEN in patients with 22q11DS is
rather related to an increased time of response, which is in
turn associated with reduced number of errors.

Reduced connectivity between the right parietal node of
the CEN and both the anterior SN and the anterior DMN
nodes was related to impaired cognitive inhibition, as
measured with the Stroop task, in patients with 22q11DS.
Both the anterior SN and the anterior DMN nodes com-
prise the ACC, that plays a prominent role in cognitive
inhibition [Botvinick et al., 2001; Bush et al., 2000; Petersen
and Posner, 2012]. Furthermore, in patients with schizo-
phrenia, inhibition responses have been related to reduced
ACC activity [Minzenberg et al., 2009; Rubia et al., 2001].
Similarly, in our group of patients with 22q11DS, inhibi-
tion deficits appear to be related to ACC dysconnectivity.

These results suggest that alterations in executive func-
tions are related to underlying impairments in core cogni-
tive networks in patients with 22q11DS. Findings
reporting a similar relationship between impaired triple
network connectivity and cognitive dysfunctions in schizo-
phrenia will be further discussed in the following
paragraph.

Triple network model of psychopathology: common
impairments in patients with 22qlIDS and
schizophrenia

In this study, we showed that the triple network model
of psychopathology, defined in psychiatric disorders such
as autism, depression and schizophrenia [Menon, 2011],
can be applied to patients with 22q11DS. This model sug-
gests that impairments in the within- and between-
network connectivity are responsible for impaired cogni-
tive functions. In our group of patients with 22q11DS, we
observed structural connectivity alterations within and
between SN, DMN, and CEN and their association with
impairments in executive functions.

Studies conducted in patients with schizophrenia mainly
showed functional impairments between the three net-
works [Iwabuchi et al., 2015; Lefebvre et al., 2016; Manoliu
et al., 2014; Moran et al., 2013; Palaniyappan et al., 2013],
however altered structural connectivity between CEN and
SN [Chen et al., 2016; Iwabuchi et al., 2015] has also been
reported, in line with our results in patients with 22q11DS.

Furthermore, triple network impairments in patients
with schizophrenia have mostly been related to psychotic
symptoms [Lefebvre et al., 2016; Manoliu et al., 2014].
However, we did not observe a relationship between
altered triple network connectivity and psychotic symp-
toms in patients with 22q11DS. Of note, the studies con-
ducted in schizophrenic patients reported functional
connectivity impairments related to psychotic symptoms
[Lefebvre et al., 2016; Manoliu et al., 2014], while no

evidence exists of a relationship between triple network
structural dysconnectivity and the symptomatic profile
[Chen et al., 2016; Iwabuchi et al., 2015]. As discussed in
the previous paragraphs, functional connectivity seems to
be preserved in patients with 22q11DS, and this might
explain the lack of correlations with psychotic symptoms
in this population. The inclusion of older, more symptom-
atic subjects would maybe reveal similar relationships
between triple network functional dysconnectivity and
psychotic symptoms in patients with 22q11DS and schizo-
phrenia. Nevertheless, several findings in schizophrenia
indicate a relationship between cognitive impairments and
impaired connectivity in CEN and SN regions (e.g., [Meda
et al., 2009; Meyer-Lindenberg et al., 2001; Sheffield et al.,
2015]. Furthermore, Moran et al. [2013] found that abnor-
mal interactions between SN-DMN and SN-CEN were
related to impairments in sustained attention and working
memory in schizophrenia. Similar findings have been
shown in patients at high risk for psychosis, where
increased connectivity between DMN and CEN was relat-
ed to working memory impairments [Wotruba et al., 2014].
These findings are in line with our results in patients with
22q11DS, where impaired CEN, CEN-DMN, and CEN-SN
connectivity was related to executive dysfunctions.

LIMITATIONS AND CONCLUSION

One limitation of this study is related to the excessive
head motion during the resting-state fMRI acquisition in
patients with 22q11DS. In order to remove the effect of
motion from the resting-state fMRI data, we used previ-
ously adopted state of the art methodologies [Padula
et al., 2015; Scariati et al., 2014], based on the regression of
motion parameters. An additional criterion was the exclu-
sion of subjects with movement parameters higher that
3 mm in translation and 3° in rotation. Despite these pre-
cautions, we cannot completely exclude the effect of
motion on our results. Another limitation is related to our
DTI sequence, which do not allow a precise reconstruction
of crossing fibers. This drawback was partially solved by
the use of a probabilistic tractography algorithm for fibers’
tracking, but future studies should further address this
issue by the use of DSI acquisitions. An additional con-
founding factor is the presence of a significantly reduced
QI in patients with 22q11DS compared with controls.
However, we decided not to use the IQ as covariate in the
analysis, as reduced IQ is one of the several phenotypic
characteristics of patients with 22q11DS. Only the use of a
group of controls matched for IQ would allow to remove
this confounding effect. Finally, although our results point
to altered triple network connectivity associated to
impaired executive functions in patients with 22q11DS,
these results may not be exclusive, and impairments in
other networks may contribute to the cognitive difficulties
observed in these patients.
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To conclude, the present study shows that triple net-
work impairments are related to cognitive dysfunctions in
patients with 22q11DS, similarly to findings in schizophre-
nia. These results suggest the presence of common mecha-
nisms responsible for cognitive impairments in both
diseases. However, future studies are needed to assess the
patterns of activation/de-activation of the three networks
during the switching between resting-state and goal-
directed tasks in patients with 22q11DS. Furthermore, lon-
gitudinal studies will further clarify the relationship
between the development of connectivity within and
between SN, DMN, and CEN and executive functions.
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